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On-line analysis of compounds from solution has been greatly facilitated by the advent of 
electrospray ionization mass spectrometry (ESI-MS). Although quadrupole mass analyzers are 
most commonly used with ES1 at present, time-of-flight (TOF) mass spectrometers offer 
several potential advantages including high data acquisition rates, which are desirable for fast 
separation techniques. One method of coupling ES1 and TOF uses an ion trap for temporary 
storage and accumulation of the electrosprayed ions prior to TOF mass analysis. Previous 
studies have not fully addressed the effects of several key variables on the analytical 
capabilities of this type of instrument. In this study, the characterization of an ion trap/linear 
TOF instrument for ES1 is described. The behavior of various analytes is divided into two 
separate groups; each one is found to have its own optimal set of operating conditions. The 
reasons for the observed differences between groups are explored. Issues relevant to mass 
resolution, sensitivity, mass range, mass-to-charge ratio discrimination, and mass measure- 
ment accuracy are addressed. Finally, it is suggested that the analytical capability of this type 
of instrument could be significantly improved by changing the ion optics from the existing 
focusing lenses to a rf-only quadrupole lens. (J Am Sot Mass Spectrom 1997, 8, 
1085-1093) 0 1997 American Society for Mass Spectrometry 
T he development of electrospray ionization mass spectrometry (ESI-MS) in the 1980s [l] has greatly facilitated the analysis of compounds directly 
from solution. Because the ES1 process produces multi- 
ply charged ions, mass-to-charge (m/z) values for many 
larger compounds, such as proteins, are still within the 
limits of most quadrupole mass analyzers. As a conse- 
quence, ESI-MS literature was initially dominated by 
the quadrupole mass analyzer [2]. More recently, ES1 
has been coupled to a time-of-flight (TOF) mass ana- 
lyzer that offers several advantages. Generation of a 
complete spectrum with each ion extraction event, 
coupled with high ion transmission, allows for im- 
proved sensitivity. Furthermore, the high speed of the 
TOF for spectral acquisition (>lOOO spectra/s can be 
generated) makes it a preferential mass analyzer for fast 
separations, as was recently demonstrated using capil- 
lary electrophoresis [3]. Finally, the TOF also has the 
advantage of possessing a theoretically unlimited mass 
range. 
The problem with this combination is that the TOF 
requires a starting point, while ES1 is a continuous 
source. One possible solution involves beam rastering; 
however, this method suffers from an inherently low 
duty cycle of approximately 0.01% [4]. As a conse- 
quence, recent approaches generally involve some form 
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of temporary ion storage. One method introduces the 
electrosprayed ions into the acceleration region of the 
TOF in an orthogonal direction with respect to the flight 
tube [5-81. The ions are briefly stored in this region 
before being extracted into the flight tube. The maxi- 
mum duty cycle depends on how fast the ions can fill 
the storage region in comparison with the flight time of 
the largest ion. One estimate of the maximum duty 
cycle in an orthogonal reflectron TOF is -3% [6]. A 
second method of combining ES1 and TOF involves 
accumulation of the ions using a quadrupole ion trap, 
followed by extraction. On its own, the quadrupole ion 
trap has proven to be an effective method for the 
analysis of ions produced by electrospray [9, lo]. The 
ability of the ion trap to convert the low ion current 
from an ES1 beam to a higher ion current [lO] is a major 
reason for its success. Since the ion ejection times are 
relatively short for TOF mass analyzers compared with 
the ion accumulation times in a quadrupole ion trap, the 
duty cycle can theoretically approach 100%. In practice, 
however, the duty cycle for the ion trap/TOF system is 
also limited. The efficiency of the ion trap, which is 
estimated to be as high as -10% [ll], is the limiting 
factor. This ion trap/TOF combination was first put 
forth by Lubman et al. [12] and coupling to an ES1 
source soon followed [13]. With this combination, the 
ion trap serves not only as a storage device,. but it also 
serves as the extraction region for the TOF as well. 
In developing the ES1 ion trap /linear TOF system, 
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Figure 1. Schematic of the electrospray ionization ion trap/linear 
TOF mass spectrometer. Drawing is not to scale. 
our goal is to exploit the advantages of both the ion trap 
and the TOF. The desirable properties of the TOF can be 
combined with the selective storage and tandem mass 
spectrometry capabilities of the ion trap, to potentially 
give higher sensitivity for trace analysis than can be 
achieved by either the ion trap or the TOF on their own. 
Furthermore, in developing this instrument, a simple 
experimental configuration that provides analytically 
useful resolution, mass accuracy, and mass range is also 
desired. Despite the demonstrated utility of ES1 ion 
trap / TOF systems for analytical applications, their 
strengths and weaknesses have not been thoroughly 
examined. To date, studies dealing with the develop- 
ment of this instrument have not fully explored some 
important issues [12-161. These include mass accuracy, 
mass-to-charge ratio discrimination, and detection mass 
range. Consequently, the focus of this article will be on 
considerations of this type. In this study, an investiga- 
tion of several variables that affect the analytical capa- 
bilities of an ES1 ion trap/linear TOF is presented. 
Variables relating to ion focusing, ion trapping, ion 
extraction, and ion detection are characterized to un- 
derstand how the overall performance of the system is 
affected. The limitations of the current system are 
illustrated and suggested modifications that can exploit 
the unique advantages of using an ion trap/linear TOF 
mass spectrometer are also presented. 
Experimental 
instrumentation 
Figure 1 shows a schematic of the ES1 ion trap/linear 
TOF mass spectrometer that was used for this study. 
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The design and operation of this instrument, including 
the two-stage interface, was previously described in 
detail [14]. For this study, the only change i.n design was 
the removal of the injection loop; the analyte was 
continuously introduced into the ES1 source. 
Zen Generation and Storage 
Analyte from a reservoir was carried by a suitable 
solvent combination (see below) to the stainless steel 
needle tip, 100 pm inner diameter (i.d.). A voltage of 
3-5 kV was applied to the tip, which is lo-12 mm away 
from the first sampling plate, to initiate the electrospray 
process. The ions were desolvated using heated 
(-8O”C), prepurified, dry nitrogen gas that was flowing 
perpendicular to the electrospray beam at a flow rate of 
-4 L/mm. The ions passed through the first sampling 
plate of the two-stage interface into the interfacial 
region where the pressure was -0.2 torr. The ions 
exited this region via a second sampling plate into a 
cubic chamber where the pressure was -3 X 10m6 torr. 
Depending upon the analyte that was being studied, the 
two sampling plates were operated at 20 - 60 V and 0 -8 
V, respectively. The ions were focused by a set of three 
focusing lenses into the ion trap. The first and third 
lenses were operated at 0 V, while the second lens was 
operated between -50 and -200 V. A buffer gas 
(helium was exclusively used in these studies) can be 
continuously added to the ion trap (R.M. Jordan Co., 
Grass Valley, CA). A rf voltage, operated at 1 MFIz for 
this study unless otherwise noted, was applied to the 
ring electrode to temporarily store and accumulate the 
ions. After a predetermined trapping period, the rf 
voltage was turned off. A delay period was necessary to 
allow the rf voltage to decay to ground potential. At this 
time, the accumulated ions were extracted from the ion 
trap by applying a negative pulse voltage of -960 V to 
the exit endcap. The entrance endcap remained fixed at 
0 V during the entire process. A timing diagram for the 
storage/extraction procedure is shown in Figure 2. 
Detection 
After passing through the acceleration grid (-4100 V), 
the ions entered the field-free region. This region was 
differentially pumped and typically operated at -5 X 
10e7 torr. At the end of the flight tube (90 cm long), 
detection was achieved using a dual multichannel plate 
(MCI’) detector (Galileo Electra-Optics Corp., Stur- 
bridge, MA). The detector was modified to operate the 
first MCP at a potential of -4100 V. The ion signal was 
amplified using a 500-MHz, 20-dB amplifier (CLC 100, 
Comlinear Corporation, Fort Collins, CO). Data collec- 
tion was carried out using a LeCroy 9350M digital 
oscilloscope to capture the signal. The majority of data 
was collected at a sampling rate of 1 X 109 samples/s, 
which corresponds to a time resolution of 1 ns/pt. Data 
collection of analytes with relatively low resolution 
values, was carried out using lower sampling rates of 
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Figure 2. Timing diagram for the storage and extraction process 
used with the ion trap/linear TOF mass spectrometer. 
either 2 X lo* or 1 X 10’ samples/s (5 and 10 ns/pt., 
respectively). The final spectra collected were sums of 
100 ion trap ejections, obtained without selective aver- 
aging, unless otherwise noted. 
Chemicals 
With the exception of two synthetic peptides, FIPK and 
acetyl-KLEALEA-amide, all the peptides and proteins 
presented in this study were purchased from Sigma (St. 
Louis, MO) without further purification. FIPK and 
ace@-KLEALEA-amide (the latter was used for mass 
calibration) were gifts from the Centre of Excellence in 
Protein Engineering at the University of Alberta. High- 
performance liquid chromatography (HPLC) grade ace- 
tonitrile was purchased from Fisher Scientific (Ottawa, 
ON). Water was obtained from a NANOpure water 
system (Barnstead / Thermolyne). Acetic acid was pur- 
chased from BDH Laboratories (Toronto, ON). 
Electrospray Conditions 
Two different solvent mixtures were employed depend- 
ing upon the type of the analyte. For small peptides, the 
solvent mixture used was 80% acetonitrile/ water (v/v) 
and 0.1% acetic acid (v/v). Note that acetic acid was not 
added to solutions of FIPK. For bovine insulin chain B 
and other analytes with larger molecular weights, the 
solvent combination consisted of 59%-60% water, 40% 
acetonitrile, and either 0.1% or 1.0% acetic acid (v/v). 
The flow rate used in all experiments was 4.0 ~.~L/min. 
Results and Discussion 
Resolution 
Several variables influence the resolution observed for a 
given analyte using an ES1 ion trap/ linear TOF mass 
spectrometer (see below). One of the most important of 
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Figure 3. Resolution capabilities of the ion trap/ ilinear TOF mass 
spectrometer. (A) Mass spectrum of a small peptide, FIPK, show- 
ing isotopic resolution (inset). The rf voltage was 730 Vpp and the 
helium flow rate into the trap was 0.20 mL/min. (B) Mass spectrum 
of equine cytochrome c with mass resolution of 1020 (inset). The 
rf voltage was 1650 Vpp and helium flow rate into the ion trap was 
0.03 mL/min. The extraction conditions for both spectra are listed 
in the text. 
these variables is trapping time. Resolution is shown to 
improve with increased trapping time using an ion 
trap/reflectron TOF mass spectrometer [3.5]. Since our 
primary goal is to apply the ion trap/linear TOF mass 
spectrometer to high speed applications, the minimum 
spectral acquisition rate that was considered in this 
study was 4 Hz (a maximum trapping time of -250 ms). 
The resolution values, calculated using the full width at 
half maximum (FWHM), that are reported here are 
obtained using 250 ms trapping times unless otherwise 
noted. We found that for analytes with molecular 
weights up to that of equine apomyoglobin, typical 
resolution values obtained are in the range of 600-1200 
FWHM. Presented in Figure 3 are two examples of the 
resolution capabilities of this instrument. Figure 3A 
shows isotopic resolution of the [M + 2H]‘+ peak for a 
small peptide, FII’K. The resolution of the monoisotopic 
peak, shown in the inset, is 810 FWHM. In Figure 3B, a 
mass spectrum of equine cytochrome c is presented in 
which the resolution of the [M + 16H]16+ peak, shown 
in the inset, is 1020 FWHM. Note that the resolution 
values of most of the other major peaks in the equine 
cytochrome c spectrum are also -1000 FWHM. 
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Figure 4. Mass spectrum of bovine serum albumin. The rf 
voltage was 2200 VP-, and the rf frequency was 740 kHz. The 
trapping time was 100 ms and helium flow rate into the trap was 
0.17 mL/min. 
For proteins larger than equine apomyoglobin, the 
resolution begins to degrade. For example, optimal 
resolution values of bovine trypsinogen (MW 23 981.0) 
and bovine carbonic anhydrase II (MW 29 023.7) are 
reduced to approximately 500 and 400 FWHM, respec- 
tively. Shown in Figure 4 is a smoothed (Savitsky-Golay 
second order, seven points) spectrum of bovine serum 
albumin (MW -66 430) in which the charge states are 
no longer baseline resolved (resolution = 53 FWHM for 
[M + 35H]35+). One reason the degradation of resolu- 
tion occurs is because these ions have higher initial 
kinetic energies as they enter the ion trap and it is 
therefore harder to trap and cool them. The situation is 
further complicated by space charge effects, as dis- 
cussed later in this work. The spectra presented in 
Figure 5 show that the degradation of the spectra for 
these larger analytes is not due to a mass-to-charge ratio 
trapping limit of the ion trap itself. In this figure, the 
charge distribution observed for the chicken lysozyme 
(Figure 5A) occurs at higher mass-to-charge ratio values 
than the charge distribution shown for bovine carbonic 
anhydrase II (Figure 58). For chicken lysozyme, the 
resolution of the most intense peak, shown in the inset, 
is -980 FWHM. However, for bovine carbonic anhy- 
drase II, the resolution for the [M + 34H]34+ peak, 
shown in the inset, is only -400 FWHM. Note that the 
situation for the larger proteins is further complicated 
because of adduct formation. In general, when com- 
pared with smaller analytes, the larger proteins form 
adducts more readily. If not removed, these adducts 
greatly complicate the mass spectrum. To dissociate 
these adducts, larger voltage drops between the two 
sampling plates are often required. Unfortunately, this 
voltage increase also results in an increase in ion kinetic 
energy, thereby making it harder to trap the ions. 
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Figure 5. Mass spectra of (A) chicken lysozyme with a mass 
resolution of 980 (inset) and (6) bovine carbonic anhydrase II with 
a resolution of 400 (inset). (A) The rf voltage was 2150 V,, and 
helium flow rate into the trap was 0.03 mL/min. (B) The rf voltage 
was 1240 VPP and helium flow rate into the ion trap was 0.05 
mL/min. 
Mass Range 
Large proteins such as antibovine immunoglobin G 
(IgG) (antibody developed in rabbit, mass -150, 000 
Da) have been readily detected using this instrument 
with the highest mass-to-charge ratios approaching 
-5500. Unfortunately, a dramatic decrease in resolution 
for large proteins was observed, as was discussed 
above, and hence the analytical utility of this instru- 
ment for these large analytes is compromised. Poten- 
tially, by addressing some important concerns, as dis- 
cussed later in this study, the useable mass range can be 
significantly increased and consequently the inherent 
properties of the TOF could be further exploited. 
The maximum mass-to-charge ratio values that we 
observed using this ion trap /linear TOF system were 
limited by the rf generator presently used. The range of 
frequencies that the rf generator can deliver are re- 
stricted to between about 0.7 and 1.1 MHz and the 
maximum output voltage that can be supplied is ap- 
proximately 3 kV,-,. Note that although the rf generator 
can deliver up to 5 kV,, it is not used above 3 kV,., 
because larger rf voltages cannot be shut o:ff during the 
extraction event. Inevitably, this would lead to errone- 
ous mass assignments, as discussed in Ma.;S Accuracy. 
The upper mass-to-charge ratio limit in the ion trap 
can be extended by decreasing the rf t:rapping fre- 
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quency. This observation is derived from the “pseudo- 
potential well” model [17]. This model approximates 
the depth, in terms of potential energy, of a trapping 
well in both r and z dimensions for a given mass-to- 
charge ratio ion under specific conditions. From this 
model, the well depth is directly related to the square of 
the amplitude of the trapping voltage and inversely 
related to the square of the trapping frequency. It 
follows that a reduction of the trapping frequency will 
increase the depth of the trapping well, and hence 
increase the upper mass-to-charge ratio limit, if all other 
variables remain unchanged. Qualitatively, this was 
observed for antibovine IgG. At the maximum rf out- 
put, changing the trapping frequency from 960 to 760 
kHz resulted in a shift of the upper mass-to-charge ratio 
limit from -4000 to -5500 for this analyte. Thus, it 
becomes apparent that using a rf generator with a lower 
frequency range could enable larger mass-to-charge 
ratio ions to be effectively trapped and hence observed 
in the final spectrum. 
Another important observation relevant to extending 
the mass-to-charge ratio limit of the system is related to 
the kinetic energy of the ions as they enter the ion trap. 
Drastically changing the ion optics, by applying a 
slightly negative voltage to the second sampling plate, 
was found to change the mass-to-charge ratio range 
observed. This occurs because trapping of an ion is 
easier when its initial kinetic energy entering the ion 
trap is low (this is achieved here through a reduction in 
ion velocity). This feature would be particularly useful 
for large mass-to-charge ratio ions when the rf genera- 
tor is already near or at its maximum output. Unfortu- 
nately, the major problem with slowing ions down in 
this manner was that the signal intensity was also 
dramatically reduced due to the defocusing of the ion 
beam that also occurs. The importance of this observa- 
tion will become apparent when the proposed use of a 
rf-only quadrupole to control the kinetic energy of the 
ions is discussed in the final section of this work. 
Efict of the Bufi~ Gas and Trapping Time 
The effect of trapping time was examined, at different 
buffer gas flow rates, for many analytes. In this partic- 
ular experiment, in which the analyte was being con- 
tinuously injected, four spectra representing 250 con- 
secutive ion trap extractions were collected for each set 
of conditions. From these spectra, both the peak area 
and peak width (calculated using the FWHM) of the 
analyte were calculated. The error bars in the subse- 
quent figures represent one standard deviation from the 
mean of the four spectra. Note that in all figures in 
which no gas was present, the gas line was physically 
disconnected to preclude the possibility of gas leaking 
into the ion trap. In general, it was found that, based on 
mass considerations, the behavior of all the analytes we 
studied could be broadly classified into one of two 
groups. 
The behavior of analytes with masses up to approx- 
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Figure 6. Effect of flow rate of the helium buffer gas at three 
different trapping times on (A) the peak area of FIPK and (B) the 
peak width of FIPK. The rf voltage was 730 VpF,. 
imately 1000 Da was extensively stud.ied. The key 
points are illustrated below using a small peptide, FIPK. 
Figure 6A shows the effect of changing the buffer gas 
flow rate, for three different trapping times, on the peak 
area of FIPK. Figure 6B shows the subsequent effects on 
the peak width and hence resolution. From these fig- 
ures, a few observations can be made. First, the pres- 
ence of even a small amount of buffer gas has a 
significant impact upon the spectra. This is not surpris- 
ing since the presence of a buffer gas in the ion trap 
significantly increases both the sensitivity and resolu- 
tion of an analyte using both conventional [18] and TOF 
mass analyzers 1151. When the helium gas is present, 
cooling of the ions to the center of the trap occurs at a 
much faster rate. Furthermore, the presence of buffer 
gas is more critical when shorter trapping times are 
used. It is important to emphasize that at typical 
operating conditions (trapping times of 250 ms), in- 
creasing the buffer gas flow rate, up to 0.54 mL/min, 
resulted in significant improvements in peak area with- 
out significantly increasing the peak width. Further 
increasing the helium flow rate to 0.72 mL /min resulted 
in even greater peak areas; however, this #slight increase 
in peak area is overshadowed by the resulting detri- 
mental effect on the peak width. 
The behavior of larger analytes was considerably 
different from the above discussion of the low mass 
analytes. Equine cytochrome c was used (as an example 
of this type of analyte. Figure 7A shows the effect on the 
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Figure 7. Effect of flow rate of the helium buffer gas at three 
different trapping times on (A) the peak area of equine cyto- 
chrome c and (B) the peak width of equine cytochrome c. The rf 
voltage was 1650 V,,. 
area of the [M + 16H]16+ peak that is observed as a 
function of the helium flow rate, for three different 
trapping times. Figure 7B shows the subsequent effects 
on the width of the [M + 16H]i6+ peak and hence 
resolution as well. Note that other charge states of 
equine cytochrome c were also examined and, qualita- 
tively, the behavior for all the charge states was similar. 
Figure 7 illustrates that when little or no buffer gas is 
present, a much longer trapping time is required before 
the spectra becomes analytically useful. However, for 
these analytes, the presence of the buffer gas does not 
offer the same advantages that it did for the small 
analytes. First, the increase in peak area from the 
addition of helium is considerably less than what was 
observed for the small analytes. This is especially so for 
the longer trapping times. With the exception of the 
shortest trapping times, the optimal flow rate occurs 
over a narrow range. In fact, the optimum flow rate in 
terms of simultaneously optimizing peak area and peak 
width appears to be only 0.03-0.07 mL/min. 
We postulate that this limitation is a result of the 
effects of pressure on a TOF mass analyzer. Because the 
ion trap serves not only as an ion storage device, but as 
the extraction region as well, a conflict arises with this 
combination because higher vacuum pressures degrade 
the quality of a TOF spectrum [19]. The higher pressure 
present in the ion extraction region results in collisions 
between the buffer gas and analyte during the extrac- 
tion event. For linear TOF instruments, deterioration of 
resolution is the major effect observed with high pres- 
sure [19]. Consequently, for small proteins, a dramatic 
increase in the peak width was observed once a small 
flow rate of helium into the trap was surpassed (>0.07 
mL/min). We postulate the reason that the effect is 
more dramatic with the larger analyte, as compared 
with the smaller analyte, is due to the larger cross 
sectional area of the protein. Note that for larger pro- 
teins, such as bovine trypsinogen and bovine carbonic 
anhydrase II, with masses in excess of 20,000 Da, these 
effects become even more pronounced using this instru- 
ment. Based on the above discussion, it is expected that 
the spectra obtained could be significantly improved by 
using a more effective way of controlling the kinetic 
energy of ions entering the trap in combination with a 
cooling method that doesn’t involve a buffer gas (see 
Future Improvement). 
Space Charge Ejfects 
High number densities of ions in the ion trap can have 
adverse affects on resolution [lo]. To determine the 
extent of space charge effects in this instrument, the 
effect of concentration, for both small and large ana- 
lytes, on the resulting spectra was studied. For this 
study, the optimum helium flow rate for each analyte 
was used, and the trapping time was 250 ms. The 
results for four different analytes are surnmarized in 
Table 1. Note that every point represents a statistical 
analysis of nine spectra (each spectrum is a sum of 500 
consecutive ion trap extractions). Small analytes, repre- 
sented by FIPK, do not show a dependence upon 
concentration over the range studied. However, for all 
the proteins we examined, the results indicate some 
trend towards larger peak widths with increasing con- 
centration. This effect was consistently observed for all 
charge states. Furthermore, the effect is the most dra- 
Table 1. Effect of concentration on the observed peak width for various analytes 
Peak width (ns] 
Analyte 
concentration 
@Ml 
2.0 
1.0 
0.4 
FIPK 
[M + 2H]‘+ 
11.2 2 0.2 
- 
11.2 kO.2 
Bovine 
insulin 
[M + 6H16+ 
22.1 T 0.2 
21.5 ” 0.3 
20.9 t 0.3 
Equine 
cytochrome c 
[M + 16H]16+ 
18.5 2 0.5 
17.6 2 0.2 
16.2 k 0.2 
Equine 
apomyoglobin 
I:M + 19H]“+ 
28.7 + 1.5 
24.1 ” 1.1 
19.7 t 1.0 
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Figure 8. Mass-to-charge ratio discrimination observed for 
equine apomyoglobin. (A) rf voltage of 2250 VP+,, (B) rf voltage of 
2000 VP.P, (C) rf voltage of 1750 V,., and (D) rf voltage of 1500 
vP-P. 
matic for the largest of the three proteins in the table, 
equine apomyoglobin, as the peak width increases by 
-50% over the concentration range studied. Unlike the 
smaller analytes, proteins contain more charges, 
thereby the repulsion by the like charges will become 
more significant. Note that at higher buffer gas pres- 
sures (0.20 and 0.40 mL/min), this effect was not 
observed presumably because collisions during the 
extraction event limited the resolution. 
Mass- to-Charge Ratio Discrimination 
One of the major advantages of using a TOF mass 
analyzer is the ability to collect a complete mass spec- 
trum with every extraction pulse. Consequently, any 
effect that can lead to mass-to-charge ratio discrimina- 
tion would greatly reduce the effectiveness of using the 
TOF mass analyzer and limit the utility of this instru- 
ment. Figures 8 and 9 illustrate some of the problems 
associated with mass-to-charge ratio discrimination 
that have been encountered using this instrument. 
Figure 8A-D shows four spectra of equine apomyo- 
globin that were sequentially obtained while only 
500 600 760 800 9bo 
m/z 
,---[M+ 13H]=' 
[M + lap 
500 600 700 800 900 
m/z 
I --[M + 13Hl('* 
1000 1100 1200 
Figure 9. Effect of buffer gas on mass-to-charge ratio discrimi- 
nation observed for equine cytochrome c. The helium flow rates 
are (A) 0.03 and (B) 0.32 mL/min. 
changing the rf voltage. Figure 8 illustrates that at 
different rf voltages, the apparent distribution of a 
protein markedly changes. This type of mass-to-charge 
ratio discrimination is definitely a limitation of the 
current instrument as the ability of the ‘rOF to collect a 
complete mass spectrum with each ion trap extraction 
event is compromised. Figure 9 shows two spectra of 
equine cytochrome c that brings up an important point 
in reference to mass-to-charge ratio discrimination. The 
two figures are obtained using identical conditions, 
except in Figure 9A the flow of helium gas into the ion 
trap is 0.03 mLf min, while in Figurle 9B it is 0.32 
mL/ min. The number of charge states observed is 
significantly increased with the increased buffer gas 
flow. This result emphasizes the importance of reduc- 
ing the kinetic energies of the ions entering the ion trap 
and implies that the degree of mass-to-charge ratio 
discrimination can be greatly influenced by this vari- 
able. However, as was discussed in the previous sec- 
tion, the resolution of the spectrum shown in Figure 9B 
is significantly reduced due to the presence of the buffer 
gas. Once again, the need for a more effective way of 
controlling the kinetic energy of the ions before they 
enter the ion trap along with a cooling method that does 
not degrade the quality of a TOF spectrum is required 
(see below). 
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Table 2. Comparison of peak area, peak width, and mass accuracy at different delay times 
of ion extraction after the rf voltage is turned off 
Short delay 
(0.23 /.Ls) 
Long delay 
(4 ILS) 
Peak area (relative units) 50,800 t 1700 36,000 + 1000 
Peak width (ns) 17.2 5 0.3 16.7 5 0.3 
[M+18H]‘*+ -360 -39 
Mass accuracy 
(error in ppm) 
-530 +9 
-600 +25 
-525 +42 
-340 +32 
Mass Accuracy 
To our knowledge, this important issue has not yet been 
fully addressed for this type of system. We find that 
mass measurement accuracy can show a rapid degra- 
dation as one moves away from the calibrant ions if 
certain important variables are not properly controlled. 
With this type of instrument, we found that mass 
accuracy is highly dependent upon the delay time used. 
The reason for this is that if extraction is initiated before 
the rf voltage has decayed to 0 V, then the field between 
the exit endcap and the ring electrode will become 
variable with time (see Figure 2). Ions with different 
mass-to-charge ratio values exit the ion trap at different 
times, thus they will experience different fields during 
extraction resulting in flight times that will lead to 
erroneous assignments of mass values. As the trapping 
voltage is increased, its decay time from this larger 
value will also increase. Consequently, errors in mass 
accuracy become more pronounced as the trapping 
voltage increases. If the delay only affected mass accu- 
racy, then long delay times would provide a simple 
solution. However, under the normal operating condi- 
tions, longer delays also have an adverse effect on 
sensitivity. 
A study was carried out to illustrate these effects 
using equine cytochrome c. Two different delays were 
examined; for each delay, ten spectra representing 500 
ion trap extractions each were collected. One of the 
delays, 230 ns, represents the delay when sensitivity is 
at a maximum, while the other delay, 4 ps, represents 
the delay necessary for the rf to completely decay. For 
purposes of the following discussion they were referred 
to as short and long delay, respectively. Three impor- 
tant parameters were examined. These include sensitiv- 
ity (peak areas), resolution (peak widths), and mass 
accuracy. Table 2 shows a comparison of these param- 
eters obtained using the different delay times. Note in 
this table that peak areas and peak widths are shown 
for the most intense peak, [M + 16H]16+ only. Qualita- 
tively, the other charge states also followed this trend. 
Mass accuracy values were calculated using internal 
standards ([M + 13H]13+ and [M + 19H]19+) and a 
two-point linear calibration. The standard deviation of 
the errors of the mass accuracy values are, on average, 
-+60 ppm for the long delay and ?75 ppm for the short 
delay. Table 2 shows that mass accuracy is relatively 
poor using a short delay as compared with that ob- 
tained using a long delay. However, at ;a long delay, 
some sensitivity must be sacrificed to maintain good 
mass accuracy. Note that for external calibrations, the 
mass measurement error of this instrument is typically 
less than 100 ppm using a long delay. 
It is clear that by using an appropriate delay, good 
mass accuracy can be obtained with the ion trap/linear 
TOF instrument. In view of a recent development using 
fast rf clamping [20], mass accuracy with this instru- 
ment at short delay times can potentially be improved. 
The rf clamping concept, introduced by Chambers et al. 
[20], involves an immediate drop of the rf voltage to 
ground potential after the rf voltage has been shut off. 
This clamp allows extraction of the ions to occur almost 
immediately after termination of the rf voltage without 
causing changes in the acceleration voltage during 
extraction that will adversely affect the mass accuracy. 
Improvements in sensitivity and resolution have been 
demonstrated for a small analyte (m/z = 69) using this 
circuit compared with a circuit that allows the rf to 
decay [20]. Work on implementing such a circuit in our 
instrument is ongoing and will be reported in the 
future. 
Future Improvement 
The ion trap /linear TOF instrument has the ability to 
record spectra at an acquisition rate compatible with 
high speed separation techniques. The sensitivity of the 
instrument can also be high mainly due to a high duty 
cycle. It is our view that the current Ilimitation in 
analytical performance of this ion trap/linear TOF 
system is largely related to the way that the ions are 
decelerated and focused into the ion trap. Specifically, 
the results presented herein indicate that the kinetic 
energy of the ions entering the trap is a crucial variable 
for optimizing mass resolution, upper mass limit, and 
for maximizing the mass-to-charge ratio range observed 
for a mass spectrum. Our future work involving instru- 
mental development of this system will focus on imple- 
menting techniques that will provide improved ion 
focusing of ES1 ions with reduced kinetic energies. 
There are several ways that kinetic entergies of the 
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analyte ions entering the ion trap can be manipulated. 
The first method involves reduction of ion velocities 
entering the ion trap using ion optics. The second 
involves the use of a collision gas within the trap itself. 
Large flow rates of collision gas, necessary to trap ions 
with large kinetic energies, are not desirable when 
operating this instrument. 
In regards to the ion optics, the set of three focusing 
lenses that is currently being used is not sufficiently 
reducing the kinetic energy of the ions before they enter 
the ion trap. It has been shown that the presence of a 
rf-only quadrupole lens can greatly reduce the kinetic 
energy of the ions when it is operated at high pressures 
[21]. Because signal intensity is not compromised as the 
ions are kept in a tightly focused packet, the addition of 
this type of focusing should provide an enormous 
enhancement to this instrument. The initial kinetic 
energy of the ions entering the trap would be drastically 
reduced, consequently, trapping would be greatly facil- 
itated [lo]. This would particularly benefit the analysis 
of proteins as only minimal amounts of buffer gas 
would be required to trap the analyte. We would expect 
to observe improvements in both sensitivity and reso- 
lution. In addition, we can also expect to see the 
improvement in mass range and the reduction of mass- 
to-charge ratio discrimination. In fact, the addition of a 
rf quadrupole for collisional focusing has resulted in 
improvements in sensitivity and no mass-to-charge 
ratio discrimination over a mass-to-charge ratio range 
of -13,000 for an orthogonal ion storage TOF instru- 
ment [22]. 
Finally, alternative methods of cooling ions in an ion 
trap, such as electrical ion cooling, are currently being 
investigated [23]. Because of the detrimental effects of 
the presence of buffer gas during extraction, these 
alternative cooling methods can be expected to play a 
future role in development of the ion trap/TOFMS. 
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